T he eye is the only site in the body that offers direct in vivo observation of the neural tissue. The corneal nerve network is considered to be a part of the peripheral nervous system, whilst the retina and optic nerve are considered to be a component of the central nervous system (CNS). 1 The corneal subbasal nerve plexus has been studied extensively with in vivo confocal microscopy (IVCCM) and over the past decade it has been established for the early diagnosis and staging of diabetic peripheral neuropathy (DPN). [2] [3] [4] [5] Longitudinal studies using IVCCM have also reported the capability of this technique for predicting future incident DPN 6 and progressive corneal axonal degeneration in patients with DPN. 7 Retinal tissue, particularly the unmyelinated axons of the ganglion cells that make up the retinal nerve fiber layer (RNFL) can be imaged with optical coherence tomography (OCT). Further to ophthalmic applications such as assessing the neuronal loss in glaucoma, 8 OCT has increasingly been implemented for the identification of neuroretinal alterations associated with both central and peripheral aspects of various systemic neurodegenerative disorders. Using OCT, axonal loss evident by thinning of peripapillary RNFL has been identified in multiple sclerosis, 9 Parkinson's disease, 10 and Alzheimer's disease. 11 DPN is a common and potentially debilitating complication of diabetes and its diagnosis relies on traditional measures of neuropathy, which are relatively poor at detecting early nerve damage and identifying those with progression of disease. 12 A few prior cross-sectional studies [13] [14] [15] have investigated the association of DPN and retinal tissue thickness. While these studies report the RNFL thickness deficits in DPN, to our knowledge no prior longitudinal study has investigated the alterations to this structural parameter of the optic nerve head in relation to DPN. Therefore, this study aimed to define the prospective alterations to the RNFL thickness in individuals with type 1 diabetes (T1DM) without (DPNÀve) and with (DPNþve) DPN over 4 years and in relation to risk factors for nerve damage.
METHODS

Study Participants
One hundred five participants with T1DM were included at baseline in this prospective longitudinal study. Fifty-two participants were males, and 53 were females; they ranged in age from 14 to 77 years. 
Ophthalmic Examinations
All participants underwent ocular screening assessment including slit lamp biomicroscopy, intraocular pressure, and visual acuity. Participants with visual acuity of 20/30 or better, and no history of retinal photocoagulation who had IOP 21 mm Hg and showed no evidence of glaucomatous optic neuropathy were included. Participants were excluded if they had significant media opacity precluding retinal imaging, history of ocular trauma or surgery (except for cataract extraction within 12 months of the visit), or other ocular or systemic diseases and neurologic conditions (such as multiple sclerosis 9 and Parkinson's disease 10 ) that might have affected the RNFL.
Spectral-domain OCT (SD-OCT) scanning was conducted with Optovue RTVue (Optovue, Inc., Fremont, CA, USA) on the hand-dominant side of each participant unless the selected eye did not meet the eligibility criteria as stated above. Scans were acquired at 3.45-mm diameter centered at the optic nerve head and the peripapillary RNFL thickness was quantified. According to the manufacturer's user manual, RTVue is capable of acquiring 26,000 scans per second with a resolution of 5 lm. For the purpose of this study, five structural parameters of interest were obtained including overall RNFL thickness (RNFL Overall )-the average of all quadrantsand RNFL thickness in the superior (RNFL Sup ), nasal (RNFL Nasal ), inferior (RNFL Inf ), and temporal (RNFL Temp ) quadrants.
Three-field color fundus photography was performed by using a Visucam digital camera (Carl Zeiss Meditec AG, Jena, Germany). To assure consistency in defining the diabetic retinopathy (DR) levels, one ophthalmologist graded the digitally stored retinal images, using the ETDRS scale of diabetic retinopathy severity, 17 in a masked fashion. All ophthalmic assessments were undertaken at baseline and at 2 years and 4 years, using the same devices. 19 were investigated for all participants at baseline. The presence of DPN was determined by using Toronto criteria 20 ; that is, individuals were considered to have DPN if they had abnormal nerve conduction (compared with age-matched controls in the LANDMark study 16 ) and a sign (NDS score ‡ 3 of 10) or symptom (DNSS ‡ 1 of 4) of neuropathy.
Demographic and Metabolic Parameters
Statistical Analysis
The Kolmogorov-Smirnov test was applied to examine the normal distribution of data. Quantitative variables were expressed as the mean 6 SD. To examine the changes to the RFNL parameters over time and their relationship with other variables, five linear mixed models were fitted wherein the obtained serial RNFL parameters (RNFL Overall , RNFL Sup , RNFL Nasal , RNFL Inf , and RNFL Temp ) were individually included as dependent variables. Sex and neuropathy status were entered as factors, while age, time of visit, and retinopathy level were specified as time-varying variables. Since information related to alcohol consumption, tobacco usage, blood biochemistry, BMI, and blood pressure was collected annually, the average of these parameters over five visits in addition to diabetes duration were also included as predictor variables in the individual models. The IBM SPSS Statistics 21 (SPSS, Inc., Chicago, IL, USA) was used to analyze the data and a P value < 0.05 was considered statistically significant. Table 1 shows the baseline demographic and clinical data of the participants enrolled in this study. Using the ETDRS grading scale, 61% had no apparent DR (ETDRS score ¼ 10) and 36% had mild retinopathy (ETDRS score ¼ 20-35). Two participants had moderate nonproliferative (ETDRS score ¼ 43) and one had mild proliferative (ETDRS score ¼ 61) retinopathy. When stratified according to the Toronto criteria, 21 participants (20%) had DPN (DPNþve). Compared to those without DPN (DPNÀve), participants with DPN (DPNþve) were older, had longer diabetes duration and higher systolic blood pressure (Table 1) . While overall RNFL (102.5 vs. 109.5 lm, P ¼ 0.01), RNFL Nasal (72.2 vs. 80.0 lm, P ¼ 0.02), and RNFL Inf (129.5 vs. 139.5 lm, P ¼ 0.02) were significantly reduced in DPNþve group compared with DPNÀve group at baseline, when analysis was adjusted for age, none of the RNFL parameters differed significantly between the two groups (P > 0.15).
RESULTS
Comparison of baseline and year-4 data in the entire cohort showed that there was a slight but statistically significant worsening of neuropathy severity (NDS score, 1.1 6 1.8 vs. 1.5 6 2.4, P < 0.05). Over 4 years, 65 participants showed stable DR, while 25 participants either developed DR (n ¼ 9) or showed progression (n ¼ 16). Of these 25 participants, the step of DR worsening/the number of participants was recorded as follows: one step/n ¼18, two steps/n ¼ 5, three steps/n ¼ 1, and four steps/n ¼ 1. Five participants showed regression in their DR level, all with one-step improvement. Only systolic blood pressure showed a statistically significant but clinically trivial decrease (120 6 14 vs. 117 6 11 mm Hg, P ¼ 0.02), while other parameters including HbA 1c , total cholesterol, BMI, and diastolic blood pressure remained unchanged (P > 0.09). Figure 1 illustrates the longitudinal trends for RNFL thickness over three visits. Table 2 provides a summary of the results of the five mixed model analyses. As can be seen from Table 2 , among the included predictors in five mixed models, the association of time 3 neuropathy status interaction (changes in RNFL thickness parameter in relation to neuropathy status over time) was statistically significant (P < 0.05) in two models where RNFL Overall and RNFL Sup were dependent variable (b ¼ À0.69, P ¼ 0.02 and b ¼ À1.90, P ¼ 0.01, respectively). However, this interaction was marginally nonsignificant for RNFL Nasal (b ¼ À1.4, P ¼ 0.05). RNFL Overall , RNFL Sup , and RNFL Nasal were also inversely associated with age (b ¼À0.29, À0.41, and À0.29, respectively; P 0.02). Figure 2 facilitates better appreciation of the annual rate of alteration in RNFL thickness in the DPNþve compared to DPNÀve group, while these changes were adjusted for age effect and other variables. Sex, retinopathy level, duration of diabetes, HbA 1c , lipid profile, blood pressure, cigarette use, alcohol consumption, and BMI did not show any significant effects (P > 0.05).
DISCUSSION
Further to previous cross-sectional studies that have demonstrated an abnormality in the neuroretinal tissue in patients with DPN, [13] [14] [15] 21 this 4-year longitudinal study showed that RNFL thickness quantified by using SD-OCT can serve as a potentially useful technique for monitoring axonal loss in patients with DPN. In this cohort of subjects with T1DM and predominantly mild or no retinopathy, the presence of DPN was associated with a significant linear reduction in the peripapillary RNFL measured by OCT. In the DPNþve group, the RNFL Overall reduced at an annual rate equal to 0.7 lm/y as compared with DPNÀve individuals.
We further expanded our analysis to explore which optic nerve head quadrant was implicated in the progressive overall thinning associated with DPN. In normal eyes, histologic as well as intravital OCT studies have reported that RNFL is thickest in the inferior quadrant followed by the superior quadrant. 22, 23 We showed that the progressive reduction in RNFL was only statistically significant in the superior quadrant, whereby there was a linear annual thinning rate of approximately 2 lm/y in DPNþve individuals. The RNFL in the inferior (the thickest) and temporal quadrants showed no statistically significant alterations over 4 years in relation to neuropathy status. Whilst a significantly reduced RNFL in the superior quadrant of the optic nerve head has been demonstrated in individuals with T1DM 24 and type 2 diabetes (T2DM), 25 they did not evaluate it in relation to DPN status. Although marginally nonsignificant, the RNFL Nasal also exhibited considerable thinning (À1.4 lm/y) in comparison to those without DPN.
Hyperglycemia can induce oxidative stress and accumulation of advanced glycation end products, leading to compromised retinal metabolism and retinal neural and glial tissue apoptosis. [26] [27] [28] Although changes in retinal axonal and blood vessel diameter may also contribute to RNFL thinning demonstrated by OCT, it is primarily attributed to a loss of ganglion cell axons. The progressive decline of the peripapillary ganglion cell axons observed here indicates that assessment of the neuroretinal rim using SD-OCT could be of value in monitoring progression of neurodegeneraton in individuals with DPN and could act as an imaging biomarker to assess the preventive effects of existing or new therapies.
Imaging studies of the CNS have revealed that diabetic neuropathy is not limited to the peripheral nerve network and the CNS may also be affected. 29 Owing to the close connection and similarity of the retina to the CNS, this may indicate ongoing CNS involvement in DPN. The assessment of retinal ganglion cell axons, using OCT alongside modern techniques of brain imaging, may provide important insights into central neurodegenerative processes associated with DPN. In the present longitudinal study, several clinical, demographic, and biochemical risk factors for DPN were treated as potential predictors for the change in RNFL, and mixed model techniques were used to control for the potential effects of imbalances in these variables between groups. This analysis showed that in addition to the DPN effect, age was the most important explanatory variable for the change in RNFL in this cohort. For every 10 years of age increase, RNFL Overall , RNFL Sup , and RNFL Nasal declined 3, 4, and 3 lm, respectively. This overall RNFL thinning in patients with diabetes (3 lm per decade) is 50% greater than the extent reported with normal ageing (2 lm per decade) . 30 This highlights the accelerated age-dependent axon loss of the retinal ganglion cells in diabetes and the importance of taking this variable into account when evaluating patients for diagnosis and follow-up of DPN.
Although several risk factors, in particular glycemic control, 27 have been related to the development and progression of diabetic complications, we did not observe any significant relationship between these factors and changes in RNFL thickness in participants with T1DM. This is consistent with the findings of Salvi et al. 15 who reported no significant association of these parameters with average RNFL in T2DM. Moreover, the relatively small changes in RNFL can be attributed to the near optimal control of HbA 1c and good management of blood pressure and lipids in our cohort over the follow-up period.
While retinopathy has long been considered as one of the earliest diabetic microvascular complications, there has been some debate as to whether retinal microangiopathy is a secondary effect of underlying neural and glial abnormalities associated with DPN. 13, 15, 24, 28 Interestingly, in this study, while RNFL thickness reduction was related to the presence of DPN, retinopathy level was not found to be associated with RNFL alterations. Although it is likely that subclinical microvascular changes not detectable by conventional fundus photography may still have contributed in part, this finding contrasts the notion that retinal neurodegeneration is mediated via microvascular mechanisms or is a critical component of diabetic retinopathy. 31 Nevertheless, this may imply that RNFL thinning or loss of the retinal neuronal tissue is not a primary effect of vascular changes associated with diabetic retinopathy, and supports the reported DPN-related RNFL deficit and its independence from diabetic retinopathy. [13] [14] [15] A strength of our study was the incorporation of several important risk factors for nerve damage and the employment of a robust linear mixed model analysis that allowed the temporal relationship between changes in RNFL thickness and other important variables (such as age and diabetic retinopathy) to be investigated at both the group and the individual level. Since in this study RNFL thickness was repeatedly measured in the same participants, possible confounding effects of individual differences such as disc size, variation in the number of RNFL axons, refractive error, and axial length 30 were obviated.
In this study, retinopathy grading was performed by using three-field fundus photography. Wider retinal fields (e.g., seven-field fundus photography) can provide more information about changes in retinal periphery. Therefore, the fundus imaging procedure used here could have confounded the staging of diabetic retinopathy and hence could be a potential limitation of this study. Another limitation of this study was that we did not exclude those participants who may have developed neuropathy at later stages from DPNÀve group. Given the nonsignificant cross-sectional effect of DPN we observed at baseline, the possible effect of newly developed DPN would have been negligible.
In this longitudinal study, we only evaluated the RNFL thickness in T1DM. Owing to differences in the pathophysiological mechanisms underlying two main types of diabetes, these findings may not be generalized to T2DM. Previously published reports also indicate that DPN is associated with reduced retinal thickness in the perifovea and parafoveal zones as well as ganglion cell complex 14, 15 ; therefore, future studies can focus on these structural parameters and explore which retinal layer is more susceptible to damage by presence of DPN. Given that the structural changes of optic nerve precede visual field defects, future studies may clarify the retinal structure-function relationship in the presence of DPN.
To our knowledge, this is the first longitudinal quantitative report showing accelerated loss of RNFL in patients with T1DM and DPN. This adds to the utility of SD-OCT as a means to track progressive neuronal loss in individuals with diabetes and DPN. This technique may therefore be used as an adjunct to more conventional methods of monitoring the progression of DPN. Furthermore, there may be common and differing risk factors for retinal and peripheral neurodegeneration that merit further study. Parameters with statistically significant effect (P value < 0.05) are shown in bold. * This parameter is set to zero because it serves as the reference for comparison. 
